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likely that the negative regulatory systems
are working in a cooperative mode in the
gut. Why does the fly contain multiple
negative regulatory mechanisms in the
gut? It is important to note that, despite
the presence of multiple negative regula-
tory mechanisms, Relish is still constitu-
tively activated in gut epithelial cells due
to the presence of commensal bacteria,
albeit at low levels. This phenomenon
suggests that the host takes advantage
of commensal-derived immune signals
to draw certain benefits by intentionally
maintaining a low level, rather than com-
pletely eliminating, NF-kB activation. In
fact, tracheal cytotoxin, a disaccharide-
tetrapeptide monomer of PGN released
from a symbiotic microorganism, is
known to induce tissue development in
squid (Koropatnick et al., 2004). While
these findings suggest that an adequate
level of NF-kB pathway activation is re-
quired for proper host fitness, they also
raise the possibility that distinct combina-
tions of negative regulatory mechanisms
are assigned with distinct roles. Specifi-
cally, one combination (e.g., PGRP-SC,
-LB, and PIMS) may be responsible for
maintaining an adequate level of NF-kB
pathway potential to regulate genes
involved incommensal-gutmutualismwhile
another (e.g., PGRP-SC, -LB, PIMS, and
Caudal) for completely shutting off AMP
genes (Figure 1). Such intricate regulation
of the NF-kB pathway potential would
ensure a beneficial relationship with the
natural flora while avoiding excess im-
mune activation. Future studies evaluat-
ing the role that the commensal-induced
NF-kB pathway plays in host physiology
and the mechanism by which the host
regulates the pathway should be con-
ducted to provide a complete under-
standing of the molecular principles
behind host-microbe mutualisms. Such
studies may allow elucidation of the etiol-
ogy of many inflammatory diseases that
may occur due to dysregulated interac-
tions between commensal microbes and
their host.
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Pathogenic microbes exploit the host cytoskeleton for entry, colonization, and intracellular survival in eukary-
otic cells. In this issue of Cell Host & Microbe, Kumar and Valdivia (2008) report that Chlamydia trachomatis
co-opts host actin and intermediate filaments to form a dynamic scaffold providing structural integrity to the
chlamydial vacuole and minimizing immune detection.Chlamydia species are obligate intracellu-
lar bacteria that replicatewithin a nonacidi-
fied vacuole termed the inclusion. Within
the inclusion,chlamydiaeundergoaunique
biphasicdevelopmentalcycle that involves
the interconversion between two cell
types: the elementary body (EB) and the
reticulate body (RB). By sequestration
within a vacuole that displays selected in-teractions with host-trafficking pathways
(Scidmore, 2006), chlamydiae protect
themselves from lysosomal destruction
and immune detection. At the same time,
the inclusion permits the uptake of essen-
tial host nutrients and lipids and trans-
location of bacterial effector proteins into
the host cytosol. The mature Chlamydia
trachomatis inclusion is consideredCell Host & Microbextremely fragile, and its purification has
eluded researchers. In fact, just the act of
microinjecting an infected cell is enough
to cause collapse of the mature inclusion.
Similar to other pathogenic microbes,
Chlamydia species exploit the host cell cy-
toskeleton to mediate their pathogenesis.
Previous studies have shown chlamydiae
to enter nonphagocytic epithelial cells viae 4, August 14, 2008 ª2008 Elsevier Inc. 93
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PreviewsRac1 and Cdc42-dependent
transient reorganization of
the host cell actin (Carabeo
et al., 2004) and to induce
their intracellular redistribu-
tion via a unique microtubule-
dependent trafficking mecha-
nism (Grieshaber et al., 2003).
In this issue, Kumar and
Valdivia reveal that chlamy-
diae remodel both the host
actin and intermediate fila-
ment (IF) cytoskeleton by a
RhoA-dependent mechanism
to form a dynamic cytoskele-
tal meshwork that surrounds
the inclusion and functions to
maintain its morphology and
integrity.
Through the use of both live
cell and fixed-cell micros-
copy, Kumar and Valdivia
demonstrate that inclusions
of all Chlamydia species ex-
amined are surrounded by
a cage-like structure that con-
tains actin and IFs (vimentin,
cytokeratin-8 and cytokera-
tin-18), but not microtubules.
Furthermore, the inclusion
displays resistance to non-
ionic detergent extraction,
a property unique to the host
cytoskeleton and nuclear ma-
trix. Amazingly, despite solu-
bilization of the inclusion
membrane with TX-100, the inclusion re-
tains its normalmorphology and structure.
Treatment of infected cells with cytocha-
lasin D or Latrunculin (Lat) A and B, inhib-
itors of actin polymerization, caused re-
versible loss of the tight actin rings
surrounding the inclusion resulting in al-
tered inclusion morphology, loss-of-inclu-
sionmembrane integrity, and releaseof in-
clusion contents into the host cytosol. The
loss-of-inclusion integrity was confirmed
in LatB-treated cells by confocal and elec-
tron microscopy, which revealed that
a small proportion of bacteria became lo-
calized to the cytosol. Live cell imaging
studieswith aGFP-tagged fusionof the in-
clusion localized chlamydial protein Lda3
was used to directly visualize disruption
of the inclusion membrane. Remodeling
of the cytoskeleton and formation of actin
rings begins at 20 hr postinfection (hpi),
a time of active RB replication and the be-
ginning of rapid inclusion membrane
growth. Prior to 20 hpi, the inclusionmem-
brane is expected to be stable enough or
small enough not to the need the addi-
tional structural support provided by this
unique actin/IF meshwork.
How and why do chlamydiae co-opt the
host actin cytoskeleton? Morphologically,
the ring-like actin structures resemble
transverse stress fibers, bundles of actin
and myosin II, whose assembly is regu-
lated by Rho-associated protein kinase
(ROCK) and the RhoA, B and C family of
small GTPases. Through the use of spe-
cific inhibitors, actin ring assembly was
shown to occur by a novel mechanism
that requires RhoA, B, or C but not ROCK
or myosin II. In cells depleted of RhoA
through siRNA-gene induced silencing,
the number of inclusions surrounded by
actin rings was dramatically reduced but
not abolished. These data suggest that
additional factors are also required. RhoA
normally functions through activation of
formins. However, it is not yet
clear whether, in chlamydia-
infected cells, RhoA functions
through a formin-mediated
pathwayor via auniquemech-
anism. Another unanswered
question is how RhoA is re-
cruited and activated at the
inclusion. Although Kumar
and Valdivia do not directly
demonstrate that chlamydiae
activate RhoA or actively me-
diate these processes, they
do confirm that GFP-tagged
RhoA fusions localize to the
inclusion, and therefore likely
function directly at the inclu-
sion. Interestingly, GFP-RhoA
localization to the inclusion is
independent of its nucleo-
tide-bound state. How this
occurs is still not known.Chla-
mydiae may secrete an effec-
tor into the cytosol that func-
tions to recruit or activate
RhoA, since it has been previ-
ously shown that chlamydiae
secrete another T3SS effec-
tor, Tarp, into the host cytosol,
which regulates actin remod-
eling during chlamydial entry
(Jewett et al., 2006). A similar
scenario occurs in Salmo-
nella-infected cells. Salmo-
nella also co-opt host actin in
a ROCK-independent manner
to stabilize the Salmonella-containing vac-
uole (Me´resseet al., 2001) byamechanism
that is dependent on the T3SS effector,
SteC (Poh et al., 2008).
At first glance, the confinement of
the inclusion within a rigid structure is in-
compatible with the rapid expansion of
the inclusion that occurs during infection.
However, following up on the observation
that IFs were proteolytically processed in
infected cells and on the data from Zhong
and colleagues thatChlamydial proteoso-
mal-like activity factor (CPAF) cleaved cy-
tokeratin-8 (Dong et al., 2004), Kumar and
Valdivia uncover unique properties of the
IFs that surround the inclusion. The au-
thors demonstrate that CPAF cleaves IFs
at the head domain, separating the head
domain from the filament, which would
normally inhibit filament polymerization.
However, despite cleavage, modified IFs
still retained some of their polymeric prop-
erties, and the head domain was still able
Figure 1. Chlamydiae Remodel Host Actin and IF in a RhoA and
CPAF-Dependent Mechanism to Stabilize the Chlamydial Inclusion
Chlamydiae recruit RhoA to the inclusion, which functions to assemble actin
polymers that surround the inclusion. In turn, IFs are recruited, which act co-
operatively with actin tomaintain the integrity of the inclusion and prevent leak-
age of inclusion contents into the cytosol. During the course of infection, IFs
are progressively proteolytically processed by CPAF, a chlamydial protease
secreted into the host cytosol. Despite cleavage, the head domain of IFs re-
main in contact with the IF filament. CPAF-mediated processing of IFs may
provide flexibility to the cytoskeletal structure that encases inclusion, which
would enable growth of the inclusion during infection. IF, intermediate fila-
ments; RB, reticulate body; EB, elementary body.94 Cell Host & Microbe 4, August 14, 2008 ª2008 Elsevier Inc.
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treatment resulted in loss of IFs surround-
ing the inclusion, Kumar and Valdivia pro-
pose that actin may contribute to the
stability of the altered IFs, either directly
or indirectly. Collectively, thedata suggest
that IF recruitment follows RhoA-medi-
ated actin polymerization at the inclusion.
It is not clear whether IFs are recruited
simply due to the presence of actin or ac-
tively by chlamydiae. Over time, CPAF
progressively cleaves IFs to form a mesh-
work of actin filaments and modified IFs,
thus producing a structure that is stable
enough to support the inclusion but flexi-
ble enough to expand with the enlarging
inclusion (Figure 1). What would happen
in the absence of CPAF-mediated modifi-
cation?Would the inclusion fail to enlarge?
Would chlamydial development be im-
peded? These questions remain unan-
sweredsinceKumarandValdiviawerepre-
cluded from directly addressing them due
to the toxicity associated with the levels
of lactacystin, a proteosomal inhibitor,
needed tocompletely inhibit CPAFactivity.
No defects in inclusion morphology or
size were observed in RhoA-depleted
cells, suggesting that RhoA-mediated ac-
tin remodeling is not required for chlamyd-
ial development in this tissue culture sys-
tem. Instead, the authors propose that
remodeling the actin/IF cytoskeleton de-
lays or minimizes the exposure of inclu-
sion contents to innate cytosolic immune
surveillance pathways, such as Nod1,a cytosolic pattern recognition receptor
that induces proinflammatory cytokine re-
sponses upon recognition of peptidogly-
can. In support of this model, Kumar and
Valdivia show that in the absence of the
actin/IF meshwork, a substantial increase
in IL-8 transcription is observed. Chla-
mydial infected epithelial cells elicit an un-
usually strong and prolonged proinflam-
matory cytokine response that requires
chlamydial growth. Endogenous IL-8 in-
duction that occurs at the time points ana-
lyzed in Kumar and Valdivia is dependent
on the activation of at least two separate
host-signaling pathways, the ERK MAPK
pathway (Buchholz and Stephens, 2007)
and the Nod1/receptor interacting protein
2 (Rip2)-signaling pathway (Buchholz and
Stephens, 2008). Although IL-8 is induced
in Lat-B treated cells, it is not clear
whether its induction is a direct result of
peptidoglycan-mediated activation of
Nod1/Rip2 or an indirect effect. Since
Nod1-dependent activation of IL-8 is not
mediated by activation of the ERK MAPK
pathway (Buchholz and Stephens, 2008),
the fact that that Lat-B-induced IL-8 tran-
scription is prevented by inhibition of ERK
activity suggests thatmore thanonesignal
may be involved. By the time chlamydia-
mediated actin remodeling begins, a ro-
bust proinflammatory response is already
inprogress. Therefore, remodelingof actin
may serve to only minimize detection by
the innate immune system or may be re-
quired for additional processes.Cell Host & MicrobeProtecting themselves from the host, chla-
mydiae shield themselves in the host’s own
cytoskeleton. Maybe the original naming of
the organism, which was derived from the
Greek word ‘‘khlamus,’’ meaning a mantle or
cloak, was not so far off, after all.
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